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EXECUTIVE SUMMARY
Development of silicon carbide (SiC) joints that retain adequate structural and functional properties in the anticipated service conditions is a critical milestone toward establishment of advanced SiC composite technology for the accident-tolerant light water reactor (LWR) fuels and core structures. Neutron irradiation is among the most critical factors that define the harsh service condition of LWR fuel during the normal operation. The overarching goal of the present joining and irradiation studies is to establish technologies for joining SiC-based materials for use as the LWR fuel cladding. The purpose of this work is to fabricate SiC joint specimens, characterize those joints in an unirradiated condition, and prepare rabbit capsules for neutron irradiation study on the fabricated specimens in the High Flux Isotope Reactor (HFIR). Torsional shear test specimens of chemically vapor-deposited SiC were prepared by seven different joining methods either at Oak Ridge National Laboratory or by industrial partners. The joint test specimens were characterized for shear strength and microstructures in an unirradiated condition. Rabbit irradiation capsules were designed and fabricated for neutron irradiation of these joint specimens at an LWR-relevant temperature. These rabbit capsules, already started irradiation in HFIR, are scheduled to complete irradiation to an LWR-relevant dose level in early 2015.
INTRODUCTION
Development of silicon carbide (SiC) joints that retain adequate mechanical and functional properties in the anticipated service conditions is a critical milestone toward establishment of advanced SiC composite technology for the light water reactor (LWR) fuels and core structures [1, 2] . Neutron irradiation is among the most critical factors that define the service condition of LWR fuel during the normal operation. For the purpose of determining the effects on neutron irradiation at an LWR-relevant temperature on strength and microstructures of the candidate SiC joints, torsional shear test specimens were fabricated using chemically vapor-deposited (CVD) SiC as the substrate material at Oak Ridge National Laboratory or by industrial partners, evaluated for shear strength and microstructures in an unirradiated condition, and prepared for neutron irradiation in the High Flux Isotope Reactor (HFIR) [3] . This report provides detailed information of the joint materials prepared, the method of strength evaluation, and the test matrix for neutron irradiation.
MATERIALS
MATERIALS PREPARED FOR IRRADIATION STUDY
For the present irradiation experiment, the various SiC joints were prepared using diffusion bonding with the active titanium and molybdenum inserts, transient eutectic-phase (TEP) joining using slurry and green tape, reaction-formed Ti-Si-C MAX-phase bonding, Al-Si-C-O braze-based joining, and hybrid preceramic polymer/chemical vapor infiltration (CVI) joining, as summarized in Table 1 . 
PROCESSING AND MICROSTRUCTURES
The substrates of all the joints were high-purity chemically vapor-deposited (CVD) SiC. Metallographic examinations consisting of combined use of scanning electron microscopy (SEM, S4800, Hitachi) and X-ray diffraction (XRD, Model Scinatag Pad V, Thermo ARL) were performed for characterization of the SiC joints.
Titanium diffusion bonding
Pure titanium foil (25 μm thick, 99.94% pure, Alfa-Aesar, Ward Hill, MA) was used for diffusion bonding. The Ti foil joints were fabricated at ORNL. The joining of SiC/metal/SiC sandwiches was accomplished by hot-pressing at 1500 °C, for 1 h, in vacuum, under a uniaxial pressure of 17 MPa.
Estimated partial pressure of oxygen impurity in the furnace was ~0.6 Pa. To reduce oxygen partial pressure in the furnace, titanium powder was used as the oxygen getter. Reduction of oxidation during joining is a key for Ti foil joining to increase the joint strength and to reduce the processing defect at the joint layer, according to our previous work [4] .
Cross-sectional backscattered electron image of the Ti foil joint was shown in Figure 1 . The joint thickness was ~40 μm. The joint layer exhibited Ti 3 SiC 2 phase near the joint interface and mixed structure of Ti 3 SiC 2 and TiC x at the center of the joint layer. The joint layer contained micro-cracks as a preexisting defect. 
Molybdenum diffusion bonding
Pure molybdenum foil (25 μm thick, 99.95% pure, Alfa-Aesar, Ward Hill, MA) was used for Mo diffusion bonding. The Mo foil joints were fabricated at ORNL. The joining of SiC/metal/SiC sandwiches was accomplished by hot-pressing at 1500 °C, for 1 h, in flowing Ar-4% H 2 atmosphere, under a uniaxial pressure of 20 MPa. Estimated partial pressure of oxygen impurity in the furnace was ~0.02 Pa. During the hot-pressing, the presence of both hydrogen and titanium powder facilitated effective oxygen gettering. The processing condition is optimized based on the obtained microstructure and the shear strength [4] .
Mo foil-joined SiC had a layered structure of Mo 4.8 Si 3 C 0.6 near the joint interface and Mo 2 C phases at the center of the joint layer as shown in Figure 2 . The joint contained cracks roughly perpendicular to the joint boundary in the as-processed condition. The joint thickness was ~35 μm. 
TEP method using SiC-based slurry and green tape
Two types of TEP joining were prepared in this work: the joining using mixed powder slurry (TEPs) and the joining with a commercial green tape (TEPt). Both joints were fabricated at Kyoto University.
To make the slurry for the TEPs joining, SiC nano-phase powder (average diameters ~30 nm), and Al 2 O 3 powder, Y 2 O 3 powder were dispersed in ethanol. The total amount of oxide additives was 6 wt%. For the fabrication of TEPs joint, the slurry was sandwiched by CVD SiC plates, and then dried at ~80 °C. After that, the TEPs joint was formed by hot-pressing at 1850 °C, for 1 h, in an Ar atmosphere, under a pressure of 10 MPa.
The feedstock of the green tape for the TEPt joint was same as that of the TEPs slurry except for the additional use of organic binder. The green tape was provided by in Gunze ltd. in Japan. The joining of SiC/green tape/SiC sandwiches was accomplished by hot-pressing. The hot-pressing conditions were same as those for the TEPs joint.
Cross-sectional backscattered electron image of the TEPs joint was shown in Figure 3 . The joint thickness was ~80 μm. The joint layer appeared to be highly dense. In addition, the secondary phases attributed to the oxide additives were well dispersed, and up to ~5 μm-sized segregation of Y-Al oxide phase was observed. The microstructure of the TEPt joint was clearly different from the TEPs joint as shown in Figure 4 . The TEPt joint was partially deboned due to the presence of large (~50 to ~100 μm) pores. In addition, lineal segregation of the secondary phases was observed in the bonding layer, which was not present in the TEPs joint. The joint thickness of the TEPt joint was ~150 μm. 
Reaction-formed Ti-Si-C MAX-phase bonding
For MAX phase bonding, a set of joining agent materials were purchased from Hyper-Therm High Temperature Composites, Inc. (currently Rolls-Royce High Temperature Composites, Inc., Huntington Beach, CA). Ti-Si-C phase-based joints of CVD SiC were produced at ORNL based on a pressure-less slurry process per the Hyper-Therm formula. Details of the raw materials and the process conditions are proprietary.
Cross-sectional backscattered electron image of the joint layer was shown in Figure 5 . The joint layer appeared to be dense, and the joint thickness was about 150 μm. The bonded zone consisted of SiC grains and Ti-Si-C phase. The Ti-Si-C phases were expected to be mainly Ti 3 SiC 2 , and the small amount of Ti-C and Si rich Ti-Si-C phases [5] . The dominant processing defect in the joint layer was crack roughly perpendicular to the joint boundary. 
Al-Si-C-O brazing
The brazed CVD SiC joint was prepared using Al-Si-C-O system by Ceramatec, Inc. in Utah. The starting materials of the brazing filler metal and the processing conditions are proprietary. The joint thickness was very thin (~3 μm) as shown in Figure 6 . The brazed area consisted of complex phases; Al-C-O (phase 1 in Figure 6 
2.2.6
Hybrid preceramic polymer/CVD joining CVD SiC joint formed by a hybrid preceramic polymer/CVI process was provided by General Atomics in California. This joining method can provide SiC bonding layer between CVD SiC substrates. In addition, side surface of the bonded material was over-coated by SiC layer. The starting materials and the processing conditions are proprietary. Three types of the joints formed in different processing conditions were used for the irradiation experiment, and they are referred to as GA3, GA6, and GA7 in this report. Crass-sectional secondary electron images of these joints are shown in Figure 7 . These joints exhibited similar microstructure among them. The bonding later between CVD SiC substrates was a 5 mm-thick layer and was partially deboned. The over-coating layer at the side surface of the joint consisted of ~20 μm-thick dense SiC layer at the very surface and porous SiC between the dense SiC layer and SiC substrate. Thickness of the overcoat varied from 100 to 300 μm. Results of pre-irradiation torsion tests on various SiC joints are summarized in Figure 9 . The fracture appearance is also indicated in the figure. Three to ten specimens were tested for each joint. Note that the round surface of torsion specimens for hybrid preceramic polymer/CVI joining were over-coated as shown in Figure 7 . Ti foil, Mo foil, TEPt, MAX phase, and brazed joints mostly exhibited shear strength of 100 to 150 MPa. All specimens for these joints failed at the SiC substrate as shown in Figure 10 (A). It is difficult to identify the location of the crack initiation for these joints, because the neck part of the specimen got shattered into pieces after the test. TEPs joints also exhibited the failure at the SiC substrate. On the other hand, the shear strength was extremely high (>300 MPa for all tested specimens). Relatively weak shear strengths (mostly less than 100 MPa) were obtained from three types of hybrid preceramic polymer/CVI joined specimens. These specimens failed completely or partially at the joint plane as shown in Figure 10 (B and C). Note that the torsional shear strength evaluated in this work may be affected by not only the bonding strength but also residual stress, surface condition, and differential elastic modulus between bonding layer and SiC substrate. 
IRRADIATION MATRIX
Three rabbit capsules are being irradiated in target rod rabbit holders position (position TRRH7) in HFIR. The target temperature and fluence are 300 °C and 8 × 10 25 n/m 2 (E > 0.1 MeV), respectively. That fluence corresponds with dose of 8 dpa-SiC, assuming an equivalence of 1 x 10 25 n/m 2 (E > 0.1 MeV) with 1 dpa in SiC. Each rabbit contains 16 hourglass-shaped specimens mainly for torsional shear test. The bonding layer located at the center of the specimen in 3 mm thickness direction as shown in Figure 8 . The specimen types 6SQ-5D and -4D in Figure 8 were chosen for this study since our previous study demonstrated that those geometries are appropriate for the torsional test [6] . That means that 6SQ-5D and -4D specimens appeared to fail not at square grip region but at around bonded zone. The detail of the test matrix is shown in Table 2 . 
PLAN OF POST-IRRADIATION EXPERIMENT
More than four samples are being irradiated for each type of joint. At least three samples will be used for torsional shear test to investigate effect of irradiation on the mechanical property. The remaining sample will be used for microstructural observation and as a possible back-up shear test specimen.
The torsion test will be conducted on hour-glass specimens in Figure 8 using TestResources 160GT-125Nm torsion system with flexible couplers and sample grips (Figure 11.) . Ideally, maximum shear stress is applied at the rounded surface of bonding layer during testing, according to the finite-element stress method analysis [6] . The flexible couplers were used to keep the alignment during testing. Aluminum-alloy tabs were installed at the square grip sections to obtain uniform stress distributions there. The rotation speed was 0.15 deg/min. Nominal shear strength values (τ) in this work are given by following equation, τ = 16T/πd 3 (1) where T is the applied torque and d is the specimen diameter of the neck. Further description of details of the test method can be found elsewhere [6] . All the torsion tests will be conducted at room temperature. The details of the fracture behavior will be investigated using optical microscope (KEYENCE, VHX-1000). The effect of irradiation on the strength will be discussed using the strength value and the fracture appearance before and after irradiation. Microstructural observation of the joint layer in as-irradiated samples is planned using with a Hitachi S4700 SEM. Stability of the joint phases and presence or absence of irradiation-induced cracking caused by differential swelling between the joint layer and the SiC substrate will be investigated.
XRD is also planned to identify phases in irradiated bonding layer. The sample for XRD will be torsion tested specimen which exhibits failure at the joint plane, because a certain amount of surface area is required for the XRD analysis.
An actual irradiation temperature will be determined by dimensional change of CVD SiC parts irradiated with the SiC joints upon annealing, using a dilatometer. As the SiC parts were designed to be in direct contact with the joint specimens during irradiation, this measurement can represent an accurate sample temperature during irradiation.
SCHEDULE
It will take 6 HFIR cycles to achieve the target fluence of 8 dpa in the positions where the rabbit capsules are being irradiated. The irradiation started from the beginning of Cycle 453 on 5/6/2014 and is anticipated to end at the end of Cycle 458 (estimated date 2/6/2015 according to the current planning schedule of HFIR operation). The current HFIR operating schedule is shown in Table 4 . Following the irradiation, the rabbit capsules will be kept at the storage area for at least a month for cooling. After that, the capsules will be disassembled in 3025E hot-cell facility at ORNL to take out the joint specimens. The specimens will be tested at Low Activation Materials Development and Analysis (LAMDA) laboratory at ORNL when the activity of the samples is low enough to handle. According to the current HFIR schedule and assuming availability of resources for capsule transfer, disassembly, and post-irradiation examination, it is anticipated that the evaluation of irradiated test specimens starts around May 2015. 2. Specimen is prepared either by machining of final specimen after joining or joining after machining a pair of ½ specimens.
3. Material is standard grade Rohm and Haas CVD SiC.
4. Tolerance for envelope dimensions is +0/-10 microns.
5. Two faces (square top face and round bottom face) have to be sufficiently parallel.
6. The round face needs to be polished to #2000 grit. 
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